Rhodotorula glutinis IFO1125 was found to acquire increased aluminium (Al) resistance from 50 mM to more than 5 mM by repetitive culturing with stepwise increases in Al concentration at pH 4.0. To investigate the mechanism underlying this novel phenomenon, wild-type and Alresistant cells were compared. Neither cell type accumulated the free form of Al (Al 3+ ) added to the medium. Transmission electron microscopic analyses revealed a greater number of mitochondria in resistant cells. The formation of small mitochondria with simplified cristae structures was observed in the wild-type strain grown in the presence of Al and in resistant cells grown in the absence of Al. Addition of Al to cells resulted in high mitochondrial membrane potential and concomitant generation of reactive oxygen species (ROS). Exposure to Al also resulted in elevated levels of oxidized proteins and oxidized lipids. Addition of the antioxidants a-tocopherol and ascorbic acid alleviated the Al toxicity, suggesting that ROS generation is the main cause of Al toxicity. Differential display analysis indicated upregulation of mitochondrial genes in the resistant cells. Resistant cells were found to have 2.5-to 3-fold more mitochondrial DNA (mtDNA) than the wild-type strain. Analysis of tricarboxylic acid cycle and respiratory-chain enzyme activities in wild-type and resistant cells revealed significantly reduced cytochrome c oxidase activity and resultant high ROS production in the latter cells. Taken together, these data suggest that the adaptive increased resistance to Al stress in resistant cells resulted from an increased number of mitochondria and increased mtDNA content, as a compensatory response to reduced respiratory activity caused by a deficiency in complex IV function.
INTRODUCTION
Aluminium (Al) is a light metal that makes up 7 % of the earth's crust and is the third most abundant element after oxygen and silicon (Ma et al., 2001) . Al forms harmless silicates or hydroxide complexes at neutral pH. However, when soils become acidic as a result of natural processes or human activities, Al is solubilized into a toxic trivalent cation. Al toxicity has been recognized as a major factor limiting plant productivity in acidic soils. Al is also known as a potent neurotoxin in animal cells and its relevance to Alzheimer's disease is hotly debated (Exley, 1999) . Al can cause toxicity in micro-organisms as well (MacDiarmid & Gardner, 1996) . Al toxicity induces programmed cell death in yeast (Zheng et al., 2007) , plants (Yakimova et al., 2007) and animals (Kawahara, 2005) . A significant amount of research has been conducted on mechanisms of Al toxicity and tolerance using Saccharomyces cerevisiae as a model micro-organism (Basu et al., 2004; Hamilton et al., 2001; Kakimoto et al., 2005; MacDiarmid & Gardner, 1998) .
Little mechanistic information is available on acid-and Alresistant soil micro-organisms, most of which comprise filamentous fungi and basidiomycetous yeasts. We have isolated resistant micro-organisms from acidic tea soil, which were resistant to as much as 100-200 mM Al (Kawai et al., 2000) . This high resistance seemed to be more than enough to allow survival in acidic soil, whereas micromolar concentrations of Al severely inhibit plant growth. While Rhodotorula glutinis strain Y-2a is one such tolerant soil microbe, the type strain of R. glutinis (IFO1125) was found to be sensitive to Al (Tani et al., 2004) . To derive resistant cells from the wild-type IFO1125 strain, it was cultivated with repeated stepwise increases in Al concentration, which resulted in acquisition of a heritable resistance phenotype to an Al concentration of~5 mM that was not lost by repetitive cultivation in the absence of Al (Tani et al., 2004) . To our knowledge, this is the first report of microbial acclimation to increasing Al stress. In this study, we compared wild-type and resistant cells in order to determine the mechanisms responsible for adaptive Al resistance.
METHODS
Yeast and bacterial strains and culture conditions. R. glutinis strain IFO1125 (ATCC 2527) was used as a wild-type strain. Al-resistant mutants R1000, R2000, R3000 and R4000 were obtained by repeated culture of the wild-type strain in the presence of increasing Al concentration (in 50 mM increments from 0 to 1000 mM, in 100 mM increments from 1000 to 2000 mM, and in 250 mM increments from 2000 to 4000 mM) in synthetic medium (SM pH 4.0), as described by Tani et al. (2004) . Resistant mutants were designated with the letter R followed by a number indicating the AlCl 3 concentration (mM) added to the culture (Tani et al., 2004) . Resistant mutants were grown in medium with each maximal Al concentration a total of three times, after which the final culture was frozen. Resistant mutants were streaked from the frozen cultures onto solid SM without AlCl 3 . Single-colony isolates were picked and pre-cultured in 5 ml SM without AlCl 3 , and then transferred into 100 ml SM with or without AlCl 3 (initial OD 600 0.01) for the following experiments. SM had the same composition as YNB (Sherman, 1991) , except that the phosphate and magnesium concentrations were reduced (0.2 mM and 0.1 mM, respectively), and succinate (20 mM, pH 4.0) was added to adjust pH. An appropriate amount of Al was added aseptically from a filter-sterilized 0.1 M AlCl 3 stock. A basal concentration of 50 mM AlCl 3 was used to cultivate the wild-type, whereas resistant mutants were grown at higher concentrations as indicated (e.g. 1000 mM for R1000, 2000 mM for R2000, 4000 mM for R4000) unless stated otherwise. Cells were grown in SM to exponential phase (OD 600 1.0) and then harvested by centrifugation (8000 g at 4 uC). For genomic DNA isolation, R. glutinis cells were grown in YPD medium (20 g Difco peptone, 10 g yeast extract, and 20 g glucose per litre, pH 5.8). The following reagents were used, as necessary. Chloramphenicol (100 mM), a-tocopherol (200 mM) and ascorbic acid (400 mM). Escherichia coli DH5a was used for molecular cloning and was cultivated in LB (Sambrook et al., 1989) at 37 uC, in the presence of 25 mg ampicillin ml 21 , as necessary.
Aluminium measurement. Exponential-phase cells were washed twice with 0.85 % NaCl and suspended in 1 ml 0.85 % NaCl. A portion of the cell suspension was used to determine c.f.u. on SM plates and 100 ml aliquots of suspension (n53) were dried at 90-95 uC. To the dried samples, 500 ml HNO 3 /H 2 SO 4 (1 : 1, v/v) was added and the solution was incubated at 160 uC for 1-2 h to evaporate the nitric acid. The resulting solution was diluted appropriately with 0.1 M HCl and used to determine aluminium content. The Al concentration was determined with a polarized Zeeman atomic absorption spectrophotometer (Hitachi-Z2000).
Speciation of Al using 27
Al-NMR. Wild-type and resistant cells were separated from cultures by centrifugation, and the supernatants (570 ml) were transferred to glass NMR tubes (5 mm diameter) and subjected to a liquid-state 27 Al-NMR analysis (JNM-a600 FT-NMR system, JEOL Transmission electron microscopy. Cells were harvested, washed with 0.85 % NaCl, and fixed with 2 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4 uC for 2 h. The cells were then treated with 1 % potassium permanganate for 16 h at 4 uC, after which they were washed with water and dehydrated using a series of ethanol solutions (50-100 %). Finally, ethanol was replaced with acetone and the cells were embedded in EPON 812 resin (TAAB Laboratories Equipment) according to the manufacturer's instructions. Ultrathin sections were cut with a diamond knife, stained with 1 % uranyl acetate and Reynolds lead citrate, examined in a Hitachi model H-7100 transmission electron microscope, and photographed.
Fluorescent microscopic analysis of mitochondrial membrane potential and reactive oxygen species (ROS) generation in the presence of Al. Wild-type and R2000 cells were grown in SM in the absence of Al. When the OD 600 reached 1.0, Al was added (50 mM for the wild-type and 2000 mM for R2000), and incubation was continued. Samples were withdrawn and cells were washed twice with 0.85 % NaCl, and stained with 200 nM 3,39-dihexyloxacarbocyanine iodide [DiOC6 (3) , Molecular Probes] and 10 mM 29,79-dichlorodihydrofluorescein diacetate (H 2 DCFDA, Molecular Probes) to assess mitochondrial membrane potential and ROS generation, respectively. The same procedure was also applied to exponentially growing cells in Al-supplemented media.
Stained cells were observed using a fluorescence microscope equipped with a 100 W Hg lamp (BX50 Olympus microscope) and chargecoupled device (CCD) images were taken with an Olympus DP70 digital camera. An excitation wavelength of 470-490 nm was used for DiOC6 (3) and H 2 DCFDA and the resulting images were collected using a 510-550 nm band-pass filter.
Subcellular fractionation. Cells grown with and without Al were washed twice with 0.85 % NaCl and resuspended in Tris/HCl (50 mM, pH 8.0). The resuspended cells were lysed in five 30 s pulses using a Mini-bead beater (Wako Chemicals), followed by centrifugation at 2000 g for 10 min at 4 uC to remove unbroken cells. The supernatant was then centrifuged at 16 000 g for 10 min at 4 uC. The pellet was suspended in 50 mM Tris/HCl (pH 8.0) containing 0.5 % n-dodecylb-maltopyranoside and designated the 'membrane fraction'. The resulting supernatant was used as the 'soluble fraction'. The membrane fraction was assayed for respiratory-chain activity, and the soluble fraction for TCA-cycle enzyme activities and oxidized proteins.
Oxidized protein and lipid analysis. The thiobarbituric acidreactive species (TBARS) assay was used to measure oxidized membrane lipids, as described by Aydin et al. (2005) . The washed cell suspensions used to determine c.f.u. served as samples. Protein carbonyl content of soluble cell fractions was determined using the dinitrophenyl hydrazine (DPNH) assay (Frank et al., 2000) . Protein concentration was determined using BSA as a standard (protein assay kit, Bio-Rad Laboratories).
Molecular cloning. Standard protocols were used for DNA cloning and transformation (Sambrook et al., 1989) . Restriction enzymes and other DNA-modifying enzymes were purchased from TOYOBO. PCR was performed using ExTaq DNA polymerase (Takara Shuzo). DNA purification from agarose gels was done with MagExtractor (TOYOBO). PCR products were cloned into a pGEM-T easy vector Microbiology 154 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Sun, 20 Jan 2019 00:27:02 (Promega). A Wizard DNA purification kit (Promega) was used to isolate plasmids from E. coli transformants. DNA sequencing was done on both strands, using an ABI3100 Genetic Analyzer and a BigDye Cycle Sequencing kit version 1.1 (Applied Biosystems). Sequence assembly and computer analysis of the DNA sequences were done using GENETYX software.
Differential display (DD) analysis. Wild-type and R1000 cells were collected by centrifugation (8000 g at 4 uC). Total RNA was extracted as reported by Illias et al. (1998) and RNA samples were treated with DNase I (Invitrogen), following the protocols given by the manufacturer. DD analysis was performed using an RNA arbitrarily primed PCR (RAP-PCR) kit (Stratagene). The RAP-PCR primers (A1-5, B1-5 and C1-5) are listed in Table 1 . The PCR products were electrophoresed in 2 % agarose gels, and differentially detected DNA bands were gel-isolated and ligated into pGEM-T easy vector. The plasmids were then subjected to DNA sequencing up-and downstream of the cloning site.
Cloning of partial mitochondrial DNA (mtDNA) from wild-type and R4000 strains. DNA libraries were constructed with BclIdigested genomic DNA of the wild-type and R4000 strains and EcoRIdigested pBluescript SK+ (Stratagene). The plasmids containing 9.8 kb BclI fragments from the wild-type and R4000 strains (pMT9kW and pMT9kR4, respectively) were then screened by colony hybridization (Sakai et al., 1999) , using a COX3 DNA fragment (Table 2 ) as a probe. DNA from hybridizing plasmids was subcloned and sequenced. Gap closing was done by primer-walking.
PCR cloning of the actin gene. As a standard for real-time PCR to determine mtDNA copy number, an actin gene fragment was amplified from genomic DNA of the wild-type strain. Amino acid sequences of actin genes from various organisms [S. cerevisiae (YFL039C), Arabidopsis thaliana (At5g09810) and human (10120)] were selected and aligned by CLUSTAL W (http://align.genome.jp/). Two conserved regions (VLDSGDGV and WIGGSILASL) were found and used to design degenerate primers (Ractin-F and Ractin-R, respectively; Table 1 ). A partial actin gene (670 bp) was amplified by PCR from R. glutinis genomic DNA using the above primers, and was cloned into a pGEM-T easy vector (pGEM-Ractin), and sequenced.
Quantification of mtDNA copy number by real-time PCR.
Primers for real-time PCR were synthesized (Rtime cox3-F and Rtime cox3-R for mtDNA, and Rtime actin-F and Rtime actin-R for the actin gene, Table 1 ) based on sequences of partial mtDNA and the actin gene, using Primer Express software (Applied Biosystems). mtDNA-encoded COX3 was selected for quantification. Both sets of primers for mtDNA and the actin gene were expected to yield 71 bp PCR fragments. mtDNA was quantified using the Applied Biosystems 7500 Realtime PCR system and SYBR Premix Ex Taq (Perfect Realtime, Takara). PCRs were performed in a total volume of 50 ml containing 10 pmol of each primer, 1 ml ROX II dye, 25 ml Premix and 0.2 mg total DNA. PCR cycling conditions were: initial denaturation at 95 uC for 10 s followed by 40 cycles of 95 uC for 5 s and 60 uC for 1 min. Standard curves were created by analysing serial dilutions of cloned mtDNA (pMT9kW) and actin gene (pGEMRactin). These plasmid solutions (0.045 pmol ml 21 ) were serially diluted 10-fold to generate 10 data points. The mtDNA content in total DNA from wild-type and resistant cells was normalized to the amount of actin DNA in each sample. PCR assays were performed in triplicate for each DNA sample. Genomic DNA isolated from wildtype and resistant cells grown in SM with and without AlCl 3 were used as DNA templates.
Enzyme assays. Isocitrate dehydrogenase (Cook & Sanwal, 1969) , aketoglutarate dehydrogenase (Nichols et al., 1994) and malate dehydrogenase (Englard & Siegel, 1969) activities in the soluble fractions were assayed as NADH-producing steps in the TCA cycle. NADH dehydrogenase (complex I) (Fang & Beattie, 2003) , cytochrome c oxidase (complex IV) (Wang et al., 2004) and ATP synthase (complex V) (Kagawa & Yoshida, 1979) were assayed in the membrane fraction. Citrate synthase (Srere, 1969) , aconitase (Fansler & Lowenstein, 1969) , succinate dehydrogenase (Bonner, 1955; Fang et al., 2001; Samokhvalov et al., 2004; Oyedotun & Lemire, 2001 ) and fumarase (Hill & Bradshaw, 1969) were also assayed according to the references but their activities were not detectable by these methods.
Quantification of ATP. Wild-type and R4000 cells were collected, and washed three times with 0.85 % NaCl. Cell suspensions were then serially diluted (10-fold) and 25 ml of each suspension was mixed with 25 ml of the BacTiter-Glo Microbial Cell Viability Assay (Promega) reaction buffer. Luminescence was quantified using a MiniLumat (EG&G Berthold) for 10 s. ATP solutions (10 mM-1 pM) were used as standards. Experiments were done in triplicate. To calculate ATP content per cell, cell suspensions were spread on YPD plates and c.f.u. were determined after 3-5 days incubation at 28 uC. Mean c.f.u. values were then used to calculate ATP content per cell.
Nucleotide sequence accession numbers The DNA sequences reported herein have been submitted to the DDBJ database under accession numbers AB248915 (partial mtDNA) and AB248916 (partial actin gene).
RESULTS AND DISCUSSION

Cellular Al content and chemical form of Al in growth media
Wild-type and R4000 cells were grown in the absence (control) or presence of Al (50 mM for the wild-type and Table 1 . Primers used in this study
Primer name
Sequence (5 §-3 §)
2000 mM for R4000). Al-treated cells were found to contain more Al than control cells, but the amount of Al accumulated in R4000 was only four times higher than that in wild-type cells (Fig. 1a) . This result suggested that resistant cells did not incorporate significant amounts of Al.
To elucidate the chemical form of Al in SM, 27 Al-NMR spectra were acquired (Fig. 1b) . No distinct shift in Al signal was found either before or after growth of the wildtype and resistant cells, suggesting that the major form of Al was Al
3+
. A faint peak observed at about 23.2 p.p.m. may be due to Al chelated with sulfate ions (Hiradate, 2004 , which gives a broader line width (792±18 Hz) at 3.5±1.3 p.p.m. (Hiradate, 2004) . This result suggests that Al resistance in R. glutinis is not conferred by inactivation of free Al ions by excreted chelators, as reported for fungi and plants (Ma et al., 2001; Kobayashi et al., 2004; Kawai et al., 2000) .
Physiological changes in mitochondria
Cellular and mitochondrial morphology affected by Al. The intracellular morphology of wild-type and resistant cells was compared by transmission electron microscopy Al-NMR spectra of the medium before and after cultivation of wild-type and R2000. The pH of the medium and concentrations of AlCl 3 used for cultivations are indicated in the figure. The media from R1000 and R4000 gave results similar to R2000. (Fig. 2) . Smaller mitochondria, with undeveloped cristae structures, were observed in wild-type cells grown in the presence of Al as compared to those grown in the absence of Al. R2000 cells had larger numbers of mitochondria than wild-type cells in general, but their mitochondria were smaller and less developed in the absence of Al, in contrast to wild-type cells.
Increased mitochondrial membrane potential and concomitant ROS generation as a cause of Al toxicity. As shown in Fig. 3(a) , addition of Al to cells from exponential-phase cultures grown in the absence of Al caused high mitochondrial membrane potential and concomitant ROS generation. The resistant strain exhibited higher mitochondrial membrane potential and ROS generation than the wild-type strain, even in the absence of Al.
Then we determined the mitochondrial membrane potential and ROS generation in cells grown in the presence of Al. Wild-type cells exhibited negligible ROS production under Al stress, while mitochondrial membrane potential was high, suggesting that the cells must have adapted to the Al by reducing ROS production (Fig. 3b) . In contrast, resistant cells exhibited high ROS levels and mitochondrial membrane potential under Al stress, suggesting an acquired tolerance for high ROS and membrane potential.
As shown in Fig. 4(a) , the growth of wild-type and resistant cells in the presence of Al resulted in increased levels of oxidized lipids and proteins. Lipids appeared to be targeted more than proteins by ROS attack. In addition, supplementation of a-tocopherol and ascorbic acid alleviated Al toxicity (Fig. 4b) . Thus, ROS generation and concomitant oxidation of cellular components were considered to be major causes of Al toxicity.
Differential expression of genes related to Al resistance
Identification of genes differentially expressed in wildtype and Al-resistant cells. DD analysis was performed to identify differentially expressed genes in the wild-type and R1000 strains. RAP-PCR patterns for the two strains exhibited significant differences (data not shown). Differentially amplified DNA bands were isolated and sequenced, as shown in Table 2 . Genes required for mitochondrial respiration (COX1, COX3, NAD3 and NAD5) were found to be upregulated in resistant cells.
Increased mtDNA copy number in resistant cells. mtDNA copy number in wild-type and resistant cells was analysed by real-time PCR (Fig. 5) . The dissociation curves for each real-time PCR product showed that the PCR proceeded correctly without any by-product formation (data not shown). The mtDNA copy number in the wildtype strain was about 100 copies per cell and did not change in response to either the presence or absence of Al in early exponential phase. mtDNA copy number in the resistant cells in the presence of Al was 2.5-3.0-fold higher than in wild-type cells, but decreased to 1.2-2.1-fold in the absence of Al.
Al resistance and mitochondrial activity
Mitochondrial protein synthesis is important for growth under Al stress. Chloramphenicol binds to the mitochondrial ribosome, which leads to inhibition of mitochondrial protein synthesis. Chloramphenicol (100 mM)
did not inhibit growth of wild-type or R4000 cells in the absence of Al, but it retarded their growth in the presence of Al (Fig. 6 ). This result suggested that ribosomal activity (namely mRNA translation) in mitochondria was important for growth in the presence of Al. This result also suggested that a functional mitochondrial respiratory chain, some of whose proteins are encoded by mtDNA, is necessary for growth under Al stress.
Regulation of TCA cycle and respiratory-chain enzymes, and ATP content. From the results described above, increased numbers of mitochondria and mtDNA copy number in resistant strains seemed to play an important role in Al resistance. Because mitochondria are the organelle where energy is produced, we measured enzyme activities involved in energy generation. From the results shown in Fig. 7 , we conclude the following.
(i) In the presence of Al, wild-type cells downregulate two of the three NADH-producing steps in the TCA cycle (isocitrate dehydrogenase and malate dehydrogenase), which decreases the amount of NADH shunted to complex I. At the same time, complex I and IV, which generate membrane potential, were reduced by about 90 %. Complex V, which reduces the membrane potential and produces ATP, was upregulated. These changes probably led to less NADH production, less mitochondrial membrane potential, and increased ATP production. Too high a mitochondrial membrane potential generally inhibits proton pump activity at complex IV, which leads to inhibition of overall electron transfer, where reduced or half-reduced ubiquinone accumulates as a potential source of superoxide radical (Brownlee, 2001; Jezek & Hlavata, 2005) . Wild-type cells regulate the mitochondrial energygeneration system in order to lower membrane potential and lower ROS production under Al stress, resulting in adaptation to Al toxicity. Consistent with this, wild-type cells growing in the presence of Al generated negligible ROS (Fig. 3b) .
(ii) On the other hand, regulation in the resistant cells was opposite to that observed in the wild-type cells, which was consistent with the morphological changes of the mitochondria (Fig. 2) . This suggests that the resistant cells were highly adapted to avoid Al-induced stress such that they maintained cellular and mitochondrial homeostasis in the consistent presence of Al. Thus the smaller mitochondria with undeveloped cristae structures of resistant cells in the absence of Al appeared to be caused by their sudden adaptation to the new environmental change.
(iii) The activity of complex IV in resistant cells was reduced significantly to about 30 % of wild-type levels. Complex IV uses oxygen to oxidize cytochrome c and produces a membrane potential. The reduction in activity represses electron transfer, thereby promoting ROS generation. The high ROS production in the resistant cells, even in the absence of Al (Fig. 3) , might be caused by repression of complex IV.
(iv) Even though the resistant cells contained more mitochondrial mass than wild-type cells, the enzyme activities of the respiratory chain and TCA cycle were not much higher than in the wild-type cells. This suggests that the increased mitochondrial mass in the resistant cells was a compensatory response resulting from repression of essential mitochondrial activity. It has been reported that Al can substitute for iron (Fe) in Fe-dependent mitochondrial proteins (Middaugh et al., 2005) . Energy-generating systems containing an Fe-S cluster, such as complexes I, II and III, are severely inhibited by Al. Thus, it is likely that cellular energy demand induces mitochondrial biogenesis under conditions of Al stress and Fe deprivation.
(v) Cellular ATP content increased in wild-type cells in the presence of Al, contrary to what was observed in resistant cells, which was consistent with complex V activity. As high ATP content has been reported in Al-tolerant cultivars of plants such as pea (Kobayashi et al., 2004) and tobacco cells (Yamamoto et al., 2002) , maintenance of a high ATP content is possibly crucial for Al tolerance in wild-type Regulation of enzyme activities in the TCA cycle and respiratory chain, and ATP content in Al-stressed R. glutinis. WT, wild-type; R, R4000; +Al, grown in the presence of Al (50 mM for the wild-type and 2000 mM for R4000); "Al, grown in the absence of Al; PA, pyruvate; ICA, isocitrate; a-KG, a-ketoglutarate; Suc-CoA, succinyl-CoA; SUC, succinate; MAL, malate; OXA, oxalate; DH, dehydrogenase; Q, coenzyme Q; CytC, cytochrome c; I-V, complexes I-V. The bars represent the mean±SD (n55).
cells. On the other hand, we observed that the ATP content of resistant cells increased in the absence of Al. Together with the smaller mitochondria in the absence of Al, these results suggest that mitochondrial enzyme activity and resultant ATP content are concomitantly regulated with mitochondrial morphology changes.
Conclusions
The novel adaptive and heritable Al resistance found in R. glutinis was accompanied by several cellular and genetic changes, including changes in the numbers and sizes of mitochondria concomitant with Al-induced ROS production, changes in regulation of nuclear and mtDNA genes, and regulation of TCA-cycle and respiratory-chain activities. Changes in regulation of mitochondrial activity were found to be crucial for resistance, presumably through avoidance of Al-induced ROS-mediated damage. Maintenance of a minimal level of mitochondrial activity was found necessary for survival under Al stress. Wild-type cells were found to be tolerant to 50 mM Al through regulation of TCA cycle and respiratory-chain activities, while resistant cells were able to tolerate 1-5 mM Al by genetic adaptation, resulting in an increase in number of mitochondria and maintenance of mitochondrial activity. The regulation of nuclear-encoded genes found by DD analysis may possibly be involved in Al resistance, through direct or indirect interaction with mitochondria, which should be studied further.
